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A systematic study of Y III atomic properties is carried out using high-precision relativistic all-
order method. Recommended values and estimates of their uncertainties are provided for a large
number of electric-dipole reduced matrix elements, transition rates, and oscillator strengths for
allowed transitions between ns, np;, nd;, nfj, and ng; levels with n < 8. The lifetimes of these
levels are also evaluated. Electric-quadrupole and magnetic-dipole matrix elements are calculated
to determine lifetimes of the 4ds/, and 5s metastable levels. The ground state E1, E2, and E3
static polarizabilities are calculated. This work provide recommended values critically evaluated for
their accuracy for a number of Y III atomic properties for use in theoretical modeling as well as
planning and analysis of various experiments. We hope that the present study will stimulate further
exploration of Y III for various applications owing to its interesting structure of different low-lying

metastable levels.

PACS numbers: 31.15.ac, 31.15.ag, 31.15.aj, 31.15.bw

I. INTRODUCTION

We report results of ab initio calculations of excitation
energies, transition rates, lifetimes, and multipole polar-
izabilities in Rb-like yttrium. Rb and Rb-like ions are
excellent systems for tests of high-precision theories and
benchmark comparisons with experiments owing to rel-
atively simple electronic structure. Critically evaluated
theoretical lifetimes, hyperfine constants, multipole po-
larizabilities, and blackbody radiation shift in the 8"Rb
frequency standard in neutral rubidium were reported in
Refs. [1, 2]. Accurate values of Rb atomic properties are
of significant present interest owing to the importance of
this system for ultracold atom studies [4-7]. In 2010,
a systematic study of Rb-like Sr™ atomic properties was
carried out [3] using high-precision relativistic all-order
method where all single, double, and partial triple ex-
citations of the Dirac-Fock wave functions are included
to all orders of perturbation theory. The properties of
Srt are of present interest of many applications in vari-
ous fields such as optical frequency standards, quantum
information, and astronomy.

Both Rb and Rb-like Sr* have [Kr|4s ground state,
where [Kr]=15225%2p53523p%3d1°4524p°. We omit [Kr]
from the electronic configurations below. The first ex-
cited configuration of Rb is 5p, while the first excited
configuration of Sr™ is 4d. Availability of low-lying
metastable 4d levels in Sr™ led to numerous applications
mentioned above. The level scheme of Rb-like Y IIT is dif-
ferent from both Rb and Rb-like Sr*: the ground state is
4d3 /2, and the first two excited states are 4ds,, and 5s.
The next configuration is 5p. Therefore, two different
low-lying metastable states are available. The 4d fine-
structure splitting is large, 724 cm ™' and the lifetime of

4ds /5 level is very long, 244 seconds. The 5s level is also
metastable, with 11 s lifetime. It would be interesting
to explore the possibility of using 4ds,; - 4ds /5 states for
quantum memory owing to a very long lifetime of the
4d5 /o level. Metastable levels of ions are also of interest
to astrophysics and plasma diagnostics.

We start with a brief review of previous studies. Re-
cently, lifetime measurements and calculations of Y III
ion properties were presented by Biémont et al. [9]. The
theoretical results were in good agreement with new laser
measurements of two 5p levels obtained in this work and
with previous beam-foil results for 5d and 6s levels. The-
oretical calculations of the lowest metastable state life-
times in Y III were reported by Sahoo et al. [12]. Life-
times of the 4d5,, and 5s levels were determined using
the relativistic coupled-cluster theory [12]. The Weak-
est Bound Electron Potential Model (WBEPM) theory
was used in Ref. [10] to calculate transition probabilities
and oscillator strengths for a number of Y III transitions.
Theoretical determination of oscillator strengths for the
principal series of rubidium-like ions by the Dirac-Fock
method was reported by Zilitis [13].

The Rb-like Y III has been studied in a number of
earlier experimental and theoretical [11, 14-21] papers.
Dipole transition probabilities and oscillator strengths
along the rubidium isoelectronic sequence were evalu-
ated by Lindgard and Nielsen [15]. To make the re-
quired predictions for atoms and ions of alkali sequences
authors found that the Coulomb approximation, origi-
nally applied by Bates and Damgaard [22], offers a sen-
sible compromise between accuracy and computational
effort. Relativistic single-configuration Hartree-Fock os-
cillator strengths for the lowest ns — np; transitions in
the first few members of the rubidium (n = 5) isoelec-



tronic sequences had been studied by Migdalek and Bailis
[16]. The effect of core polarization of the atom or ion
by the valence electron was included by introducing a
polarization potential in the one-electron Hamiltonian
and by employing the corresponding correction for the
dipole moment operator in the transition matrix ele-
ments. Quasi-relativistic local spin density functional
with correlation energy was used by Sen and Puri [17]
to calculate the ms — mp; dipole oscillator strength in
the Rb isoelectronic series. Oscillator strengths for se-
lected transitions of Y III were determined by Brage et
al. [19] using the multiconfiguration Hartree-Fock tech-
niques. The importance of including an accurate treat-
ment of the core-valence correlation was emphasized by
authors. The oscillator strengths of the resonance transi-
tions were calculated by Zilitis [21] using the Dirac-Fock
method for the first ten terms of the rubidium isoelec-
tronic sequence. Lifetime measurements, using beam-foil
excitation, were reported by Maniak et al. [11] for doubly
charged yttrium, Y III.

None of the previous studies listed above, except recent
lifetime calculations of [12], were carried out by high-
precision ab initio methods.

In the present work, relativistic high-precision all-order
(linearized coupled-cluster) method is used to calculate
atomic properties of doubly ionized yttrium for the ns,
npj, nd;, nf;, and ng; states with n < 9. Excitation en-
ergies and lifetimes are calculated for the first 46 excited
states. The reduced electric-dipole matrix elements, line
strengths, oscillator strengths, and transition rates are
determined for allowed transitions between these levels.
The M1 4d3/2 — 4d5/2, 4d3/2 — b5s and E2 4d3/2 — 4d5/2,
4d; —5s matrix elements are evaluated and used to calcu-
late lifetimes of the metastable 4d5,, and 5s levels. The
E1, E2, and E3 static polarizabilities are determined for
the 5s level. Scalar and tensor polarizabilities of the 4d;
states of Rb-like Y III are evaluated. The uncertainties
of the final values are estimated for all properties.

The main motivation for this work is to provide rec-
ommended values critically evaluated for their accuracy
for a number of atomic properties via a systematic high-
precision study for use in theoretical modeling as well as
planning and analysis of various experiments that may
utilize interesting structure of Y III levels.

II. THIRD-ORDER AND ALL-ORDER
CALCULATIONS OF ENERGIES

Energies of nl; states in Y III are evaluated for n <8
and [ < 4 using both third-order relativistic many-body
perturbation theory (RMBPT) and the single-double
(SD) all-order method discussed in Refs. [1-3]. The B-
splines [23] are used to generate a complete set of Dirak-
Fock (DF) basis orbitals for use in the evaluation of all
atomic properties. The present calculation of the transi-
tion rates and lifetimes required accurate representation
of rather highly-excited states, such as 8j , leading to

the use of the large R = 110 a.u. cavity for the genera-
tion of the finite basis set and higher number (N = 70) of
splines to produce high-accuracy single-particle orbitals.
Results of our energy calculations are summarized in Ta-

ble I. The third-order values E (i,)t include the lower-order
DF energies E(©), second-order and third-order Coulomb
correlation energies E(?) and E®), first-order and second-
order Breit corrections B and B(?) | and an estimated
Lamb shift contribution, F(“5), The Lamb shift ES)
is calculated as the sum of the one-electron self-energy
and the first-order vacuum-polarization energy. The self-
energy contribution is estimated for the ns and np or-
bitals by interpolating among the values obtained by
Mohr [25, 26, 27] using Coulomb wave functions. For
this purpose, an effective nuclear charge Z.g is obtained
by finding the value of Z.g required to give a Coulomb
orbital with the same average (r) as the DF orbital.
The vacuum-polarization contribution is calculated from
the Uehling potential using the results of Fullerton and
Rinker [24]. It should be noted that the values of E(S)
are very small, 12 cm ™! for the 5s state and 2 cm~! for
the 6s state. They are negligible for all other levels. The

sum of the seven terms E(®), ESP, E‘Szw, BM, B®)
and E19) is our final all-order result EpY, listed in the
third column of Table I. Recommended energies from the
National Institute of Standards and Technology (NIST)
database [28] are given in the column labeled Exigr. Dif-
ferences between our third-order and all-order calcula-
tions and experimental data, dE®) = E©) — Exigr and
S§ESD = EtSO]? — EnisT, are given in the two final columns
of Table I, respectively.

We calculate E() with higher numerical accuracy since
the largest correlation contribution to the valence energy
comes from the second-order term. The second-order en-
ergy includes partial waves up to lhax = 8 and is extrap-
olated to account for contributions from higher partial
waves (see, for example, Refs. [29, 30] for details of the
extrapolation procedure). As an example of the conver-
gence of E(?) with the number of partial waves [, consider
the 4ds 5 state. Calculations of E® with lyax = 6 and 8
yield E®)(4d3/5) = -10903.8 and -11101.4 cm ™, respec-
tively. Extrapolation of these calculations yields -11179.1
and -11170.1 ecm ™!, respectively. Thus, in this particular
case, we have a numerical uncertainty in E?)(4d /2) of
8.5 cm™!'. The same value of numerical uncertainty is
found for E(Q)(4d5/2). It should be noted that this is the
largest uncertainty among all states considered in Table I;
smaller (0.8 cm™!, 0.3 cm™!, and 1.1 em™?!) uncertain-
ties are obtained for the 5s, 5p, and 5d states and much
smaller uncertainties (0.2 cm~!, 0.1 cm™!, and 0.4 cm~!)
are obtained for the 6s, 6p, and 6d states owing to much
smaller contributions of higher partial waves. Owing to
numerical complexity, we restrict I < l.x = 6 in the
third-order and all-order calculations. As noted above,
the second-order contribution dominates ESP; therefore,
we can use the extrapolated value of the E(?) described
above to account for the contributions of the higher par-



TABLE I: The total removal energies of Rb-like Y IIT (E(Sgt =
E© +E(2) +E(3) +B(1) +B(2) _;'_E(LS)7 Etso]:t) — g +ESP 4
E®  +BW4+B® —I—E(LS)) are compared with recommended

extra

NIST energies Enist [8], 0F = Ftot - Exist. Units: cm™ L.

nlj E®. ESD, Exist  0E®  §ESP
4ds3 /o -165039 -165336 -165540 502 204
4ds /o -164329 -164625 -164816 487 192
4f5/2 -64143 -64410 -64449 306 39
4f7/9 -64151 -64414 -64452 301 39
581/2 -157513 -157852 -158073 560 221
5p1/2 -123712 -124016 -124139 427 123
5p3/2 -122178 -122469 -122586 408 117
5ds3 /2 -76999 -77084 -77161 162 7
5ds /2 -76801 -76887 -76962 161 75
5fs/2 -41137 -41323 -41348 211 25
5f7/2 -41141 -41323 -41347 206 24
597/2 -39690 -39698 -39704 14 6
599/2 -39690 -39698 -39704 14 6
6s1/2 -78673 -78729 -78823 150 94
6p1/2 -66221 -66217 -66195 =27 -22
6p3/2 -65454 -65533 -65597 143 64
6ds3 /2 -46526 -46566 -46604 78 38
6ds /2 -46434 -46474 -46511 7 37
6f5/2 -28505 -28629 -28646 141 17
6f7/2 -28507 -28629 -28645 137 16
697 /2 -27558 -27564 -27567 9 3
699/2 -27558 -27564 -27567 9 3
Ts1/2 47563 -47580  -47625 63 46
P12 41427 -41462  -41499 72 36
Tps/s 41133 -41166  -41202 69 36
Td3/2 -31290 -31313 -31334 44 21
Tds/2 -31239 -31262 -31283 43 21
7fs2 -20878 -20963 -20975 97 12
Tf7/2 -20879 -20962 -20973 94 11
797/2 -20241 -20244 -20246 5 2
799/2 -20241 -20244 -20246 5 1
8s1/2 -31910 -31913 -31941 32 29
8p1/2 -28465 -28484 -28504 39 20
8p3 /2 -28297 -28315 -28335 38 20
832 -22510 -22524 -22536 26 12
8ds /2 -22479 -22493 -22505 26 12
8fs5/2 -15936 -15996 -16004 68 8
8f7/2 -15937 -15995 -16003 66 7
897/2 -15492 -15494 -15495 3 1
8992 -15492 -15494 -15495 3 1
9s1/2 -22903 -22905 -22920 17 15
9p1/2 -20777 -20787 -20799 23 13
9Ip3/2 -20671 -20678 -20693 22 15
9ds3 /2 -16977 -16986
9ds 216957  -16966
105y /2 17241 17241
tial waves. We note that the contributions of higher

partial waves to removal energies are very large for the
4d3 /o and 4ds/y states: [ > 6 contribution is 266 em™!
and 263 cm™!, respectively. Therefore, they must be
included in a high-precision calculations. Restricting ba-
sis sets in coupled-cluster calculations to only a few first
partial waves will lead to a significant loss of numerical

accuracy.

The column labeled §ESP in Table I gives differences
between our ab initio results and the available experimen-
tal values [28]. The all-order values for removal energies
are in excellent agreement with experimental data. The
ionization potential agrees with experiment to 0.12%.
The SD results agree better with NIST values than do
the third-order MBPT results (the ratio of dE®) /§ ESP
is about 2-3 for some of cases), illustrating the impor-
tance of fourth and higher-order correlation corrections.

IIT. ELECTRIC-DIPOLE MATRIX ELEMENTS,
OSCILLATOR STRENGTHS, TRANSITION
RATES, AND LIFETIMES IN RB-LIKE Y III

A. Electric-dipole matrix elements

In Table II, we list our recommended values for 138 E1
ns —n'p, nd —n'p, nd — n'f, and ng — n’f transitions.
The absolute values in atomic units (age) are given in
all cases. We note that we have calculated about 260 E1
matrix elements to consider all dipole transitions between
the ns, np;, nd;, nf;, and ng; states with n < 8. We re-
fer to these values as recommended matrix elements. We
only list the matrix elements that give significant contri-
butions to the atomic lifetimes and polarizabilities calcu-
lated in the other sections. To evaluate the uncertainties
of these values, we carried out a number of calculations
using different methods of increasing accuracy: lowest-
order DF, second-order relativistic many-body pertur-
bation theory (RMBPT), third-order RMBPT, and all-
order methods. The MBPT calculations are carried out
using the method described in Ref. [31]. Comparisons
of the values obtained in different approximations allow
us to evaluated the size of the second, third, and higher-
order correlation corrections, as well as estimate the un-
certainties in the final values.

The evaluation of the uncertainty of the matrix ele-
ments in this approach was described in detail in [2, 32].
It is based on four different all-order calculations that
included two ab wnitio all-order calculations with and
without the inclusion of the partial triple excitations and
two calculations that included semiempirical estimate of
high-order correlation corrections starting from both ab
initio runs. The differences of these four values for each
transition were used to estimate uncertainty in the final
results based on the algorithm that accounted for impor-
tance of the specific dominant contributions.

The column labelled “%” of Table II gives relative un-
certainties of the final values Z"®! in per cent. The
values of uncertainties for the 138 E1 138 E1 ns — n/p,
nd—n'p, nd—n'f, and ng —n’ f transitions given in Ta-
ble IT are smaller than 1%. We find that the uncertainties
are 0.1-0.3% for the ns — n'p and ng — n'f transitions.
Larger uncertainties (0.5% - 0.7%) occur for some of the
the nd — n'p and nd — n’ ftransitions owing to the in-
creased relative size of the correlation corrections. The



TABLE II: Recommended values of the reduced electric-dipole matrix elements in Rb-like Y III in atomic units. Final recom-
mended values and their uncertainties are given in the Z%® column. The DF values are displayed in the Z°Y column. The
column (%) gives relative uncertainties of the final values in %. Absolute values are given.

Transition DF Final % Transition

Final % Transition DF Final %

6s1/2 —bp1/2 1.7038  1.684
6s1/2 —Bp3/2 2.5296  2.502
6s1/2 — 6p1/2 5.3430 5.13
6512 — 6ps3/2 75186  7.23
Tsiy2 —5pij2  0.4896 0.4967
Ts1/2 —bpsj»  0.7089  0.717
Tsi2 —6pij2  3.3308  3.277
Tsiy2 —6psjn 49179  4.843
Tsi/2 —Tpij2  8.5194  8.338
Ts1/2 — Tpsj»  11.9645  11.71
8512 —6p1  0.8822  0.880
8510 —6p3p  1.2660  1.262

8s1/0 — Tpsj2 7.9596  7.833
8512 — 8p1yp 12,4092 12.227
8s1/2 — 8psy2  17.4052 17.147
951/ —6p1o  0.4669 0.4694
9s1/0 — 6p3/2  0.6659  0.668
951/ — Tp1y2  1.3707  1.359
9s1/2 — Tpsj2  1.9581  1.941
9s1/2 —8p12 79371  7.806
9s1/2 — 8p3y2 116674  11.49
9s1/2 —9p1/2 17.0142 16.823
9s1/2 — 9ps/2  23.8433  23.57

0.04

(2)

(2)

(6)

(7)

(4)

(6)

(3)

(4)

5dsja —5frja  3.2670  3.47(1)

0.36 5ds/y —6f55  0.4315 0.446(1)

0.36 5ds/y —6fr5  1.9322 1.993(5)

0.39 5dsjs — Tfsa  0.2926  0.296(2)

0.25 B5dssy —Tfzs  1.3099 1.325(9)

024 B5ds/p —8fs5,  0.2168 0.217(1)

0.74 5ds/y —8fz5  0.9705 0.971(5)
0.26 6dg/y —4fs;s 31208 2.958(7) 0.24 Tgrn —5fsn 47592 4.55

(3)

(1)

(7)

(2)

(7)

(8)

(3)

(3)

(1)

(2)

(6)

(3)

(3)

(3)

(1)

4dy)o — Bp1jp  2.2476  1.945
4dy)5 — 5psy>  0.9889  0.857
4ds)o — Bpsjp  2.9988  2.61
5ds/s — 6p1j2  5.6762  5.43
5dzjo — 6psj2  2.5014  2.394
5d3/o — Tpsj2  0.2025  0.198
5ds/2 — 6psj2  7.5581 7.24
5ds/2 — Tpsj2  0.5916  0.578
6ds/2 — 6p1j2  6.7192  6.58
6ds/2 — 6psj2  3.0914  3.03
6ds/2 — Tp1j2  10.0845 9.79

6ds/2 — 8psj2  0.2728  0.281
6ds/2 — 6p3j2 92223 9.04
6ds/o — Tpsj> 13.4250  13.03
6ds/> — 8ps/>  0.7860  0.812
Tdyj2 —6p1j2  1.6821  1.598
Tdyss — 6p3j2  0.7428  0.703
Tdz/o — Tpij2 9.8984  9.82
Tdyso — Tpsjz  4.5619  4.52
Tdsss — 8p1j2 155299  15.17
Td3/o — 8ps/2  6.8538  6.69

(7) 041 7dsj5 —9psn  0.3497 0.370(
(1) 021 7dsjs —Tpsys 13.5982 13.47(
(2) 0.22 7ds/;s —8psn 206724  20.18(
(7) 0.15 8dsjs —6p1js  0.8518 0.793(
(1) 0.16 8dsjp —6psn  0.3709 0.344(
(7) 020 8dsjs —Tprjs 25082 2.438(
(6) 0.13 8dsjs —Tpsjp L1117 1.078(
(9) 0.11 8dsjp —8psn  6.2907  6.27(
(1) 0.13 8dsjs —9p1js 22.0289 21.59(
(2) 0.17 8dsjp—9psn  9.7254  9.52(
(2) 0.13 8dsjs —6psyn 11237 1.042(
8s1)2 — Tp1j2 54059  5.312(4) 0.07 8ds/o — Tpzs2  3.3497 3.251(
(8) 0.10 8ds/s —8psy> 18.7416 18.69(
(6) 0.05 8ds/s —9psjn 29.3222 28.72(
(7)
(8)
(1)
(2)
(3)
(5)
(1)
(7)
(1)

017 5dgy —4fss 85163 7.99
0.18 5dsjs — 5fss  2.6722 285
013 5dgy —6fs  1.5933 1.649
0.13 5dsjs — Tfs2  1.0835 1.099
0.07 5dsjs —8fs;2  0.8041 0.807
0.09 5dsy —4fsn  2.2776 2.138
0.04 5ds/5 —4fz, 10.1829  9.56
0.04 B5dssy —5fs5 07290 0.775

(7)

(3)

(1)

(1)

(6)

(1)

(2)

(4) 0.77 6dsjn —5fs/2 15.3140 14.77

(3) 0.41 6dsjs —Tfs;» 19122  2.08

(1) 0.33 6dsjs —8fs» 13145 1.407

(2) 021 6dsjs —4fs, 08241 0.781
6dsjy — Tpss  4.4482  4.317(8) 0.19 6ds/p — 4frn  3.6802 3.494

(2) 0.66 6dso —5fs2 4.0978 3.953

(3) 0.36 6dsjs —5f7/» 18.3233 17.68

(3) 0.21 6dsjs —Tfs2 0.5199  0.565

(6) 0.74 6dsjp —Tfr2 23300  2.52

(6) 0.35 6ds/o —8fs2 0.3562 0.380

(3) 0.36 6dsjs —8f7/2 15956 1.700

(4) 0.37 Tdsjp —4fs;, 07445 0.722

(1) 0.28 7dss —5fs2 59643  5.51

(3) 0.19 Tdsjs —6fs5/2 234567 22.90

(1) 017 7dss —4fs/,  0.1978 0.192

3) 080 7ds;—4fr;; 08837 0.858(5) 0.56
8) 0.37 Tds;y —5fs2 1.5748  1.454(6) 0.43
4) 031 Tds;y—5fr2 T7.0310  6.50(2) 0.37
4) 019 Tdsy —6fs0 62783  6.129(8) 0.14
5) 0.68 Tds;y —6frn 28.0759 27.41(4) 0.13
2) 0.67 T7dss—8fr;n 27571 3.08(2) 0.71
6) 0.24 8ds;, —4fsn 03707  0.364(2) 0.54
3) 025 8dss—5fsn 15003  1.423(7) 0.50
2) 028 8dsjs—6fsn 94187  8.59(6) 0.66
4) 016 8dgy —Tfsn 33.0243  32.48(3) 0.08
2) 016 8ds/s —4fs  0.0986 0.0969(6) 0.59
7) 0.70 8ds;, —4frn 04405  0.433(3) 0.64
8) 025 8dss—5fs2 0.3986 0.378(2) 0.48
6) 0.31 8ds;5 —5fr2 17806  1.690(8) 0.45
5) 0.17 8ds;, —6fs2 24868  2.27(1) 0.63
852 — 6f7, 11.1025  10.14(6) 0.56

(8) 0.09

(3) 0.09

0.27 8ds/y —Tfsn 8.8405  8.692
0.55 8ds/o — Tf7/2 39.5365  38.87
0.35

0.63  5g7/2 —4fs5/2 10.4469 9.67
047 B5gojs —4frp 11.8882 1101
0.42 5g9/2 —5f7/2 16.1428  16.33
0.30 6gr/s —5frn 24300  2.16
0.26 6gr/5 —6fs/2 253143 2551
0.65 6goys —6fr/2 28.8263  29.05
0.54 Tgrja —4fso 17519  1.749

(4) 0.39
(7) 0.36
(2) 0.12
(3) 0.12
(4) 035
(2) 0.12
(2) 0.78
(2) 0.09
(4) 0.08
(2) 0.08
(6) 0.32
(1) 035
(2) 033
0.18 7g7/2 —5f72 09157  0.876(3) 0.32
0.66 Tgr/s —Tfs2 37.8469  38.01(2) 0.06
0.49 7gro —Tfr2 7.2846  7.316(4) 0.05
020 Tgoys —4frn  1.9958  1.992(7) 0.35
0.19 7ggs2 — Tfr/2 43.0958  43.28(2) 0.05
0.18 8gr/s —4fsn 11397  1.147(6) 0.52
0.59 8g7/s —4frja 02195  0.221(1) 0.45
051 8g7/3—6fs2 6.0542  5.61(4) 0.70
0.43 8g7/2 —6f7/2 11645  1.079(7) 0.67
0.36 8g7/3 —8fs/2 52.0486  52.13(2) 0.04
048 8g7/3 —8f7/2 10.0177 10.033(4) 0.04
0.46 8ggs2 —4fr/2 12986  1.306(6) 0.46
0.13 8gojs —6fr/2 6.8892  6.38(4) 0.67
0.52 8ggs2 —8fr/2 59.2653  59.36(2) 0.04

values of uncertainties in Rb-like Y III are slightly smaller
than the values of uncertainties in Rb-like Sr IT [3] and
neutral Rb [2]. Our final results and their uncertainties
are used to calculate the recommended values of the tran-
sition rates, oscillator strengths, and lifetimes discussed
below.

B. Transition rates and oscillator strengths

We combine recommended NIST energies [8] and our
final values of the matrix elements listed in Table II to
calculate weighted transition rates gA, and weighted os-
cillator strengths gf. The weighted transition rates gA,



TABLE III: Weighted transition rates g A, (sfl) in Rb-like Y III calculated using our recommended values of reduced electric-
dipole matrix elements. The relative uncertainties of the final values are listed in column “Unc.” in %. Lowest-order DF values
are listed in column “DF”. The vacuum wavelengths A in A from NIST compilation [8] are listed for reference. Numbers in
brackets represent powers of 10.

Transition A gA, Unc. Transition A gA, Unec. Transition A gA, Unc.
Lower Upper A st %  Lower Upper A st %  Lower Upper A st %
5pi/2 9s12  987.95  7.A8[7] 0.2 Bpyse  6s1y2  2206.72 5.35[8] 0.8  4ds;e  5fs.  809.92  3.67[8] 0.9
5ps/2 9s12  1003.35 1.40[8] 0.3  6ps/o  8dse 232231 1917 1.3 4dsse  5fr2  809.92  7.38[9] 0.9
Bpsja  8sip  1103.21 2.33[8] 0.3  dfrn  8ds; 238395 281[7] 1.3 5pyp  8dss 98423 1.33[8] 1.3
5pija Tsie 130695 2.24[8] 0.3 Afs,  8ds;,  2385.91 1.98[7] 1.1 dds,  Afs, 98920 1.06[10] 0.4
Bpajs  Tsis  1334.04 4.38(8] 0.3  Bdys  5fsp 279226 7.55[8] 1.1 dds,  Afsn 99634 7.60(8] 0.4
5ds/y  8fs;z 163514 3.02[8] 1.1 Bds;  Tpia  2804.09 1.40[7] 2.0  dds  Afrn 99637 1.52[10] 0.5
5ds;s  8fr2 164043 4.33[8] 1.1 Bds;s  5fs  2807.83 5507 0.9  Bpyy  Tds;, 107752 2.66[8] 1.1
Bdsjs  Tfsa 1779.80 4.34[8] 1.3 5dss  5frp  2807.83 1.10[9] 0.8  5pyjp  6ds,  1289.73 6.83[8] 0.9
5dsse  Tfre  1786.06 6.25[8] 1.3  4f7p Tds;e  3014.82 5.45[7] 1.1 5p3j2 6ds,o  1314.50 1.13[9] 0.9
Sds;s  Tfs2 178611 3.12[7) 1.3 dfs;s  Tdsys 3019.74 384[7] 1.0 5dsp  8pss 205646 1.71[7] 2.2
5dss  6fs2 206124 6.29[8] 0.7 6d3;.  8fs2  3268.04 1.15[8] 1.0  Bpye  5dye  2128.65 3.09[9] 0.6
5ds;s  6fr2  2069.64 9.08(8] 0.5  6dss 8frn 327776 1.66[8] 0.7  5psp  Bds, 219186 5.32(9] 0.6
5dssa  6fs2  2069.72 4.54[7] 0.6  6ds2  8fsp  3277.94 8.32(6] 0.9  5psye  5dye 220144 5.89[8] 0.5
Afz/a  Tgrja 226211 1.98[7] 0.7  6dsss  Tfso 3901.85 1.48[8] 1.3 6ps»  8dsp  2320.63 1.76[8] 1.4
Afrn Tgoss 226211 6.94[8] 0.7  6ds;s Tfrjo 391569 2.15[8] 1.0  6pys  8dss 229050 1.06[8] 1.4
Afs;o  Tgre 226228 5.36[8] 0.6 6ds;0  Tfse  3915.96 1.08[7] 1.2 4ds;,  Spse 2328.02 1.18[8] 0.7
Bpsja  6si2  2285.05 1.06[9] 0.6  4frn  B5gre 404073 1.06(8] 0.7  4ds,  Bpss  2367.94 1.04[9] 0.8
6pi/2  9s12  2310.80 3.62[7] 0.3  4f7;2  5gep  4040.74 3.72[9] 0.7  4dss;,  Spije 241537 5.44[8] 0.7
6ps/2  9s12  2343.18 T7.04[7] 04  4fs2  Bgrp 404125 287[9] 0.8  Bds;e  Tpse  2796.38 3.10[7] 1.5
Afrs  6gosp 271110 1.38[9] 0.2  5frn 8ds;s 530719 3.87[7] 0.9  5sis  Bpss  2817.87 1.17(9] 0.6
Afz/2 6972 271111 3.96[7] 0.2 5fs5/2 8ds;e  5315.96 2.73[7) 1.0  6pi2  Tdse  2868.51 2.19[8] 0.7
Afss 6gr2 271134 1.07(9] 0.2 B5gojn  Tfrjp 533862 9.07[6] 3.2  6pss Tds;s 291426 3.69[8] 0.7
6ps/2  Tds;, 291859 4.03[7] 0.7 5gre  Tfse  5339.15 7.01[6] 3.4 Bsyp  Spije 2946.87 5.10[8] 0.6
6prja  8sip 291941 6.30[7) 0.3  6ds;s 8ps 550170 8.03[6] 1.5  6frs 8gon 760464 1.88[8] 1.3
6psja  8s1p 297129 1.23[8] 0.3  6dss  6fsn 556881 1.49[8] 2.1 Tdss O9ps, 944327 2706] 2.1
5fs/2 8972 3868.06 2.44[8] 0.3  4f7;, 6ds;e  5573.80 1.43[8] 0.4
5fra  8goss  3868.06 3.17(8] 0.3  Afs;, 6ds;,  BSTATY 7.04[6] 0.4 4ds,  8fs;. 66873 9.21[8] 1.9
5fz72 8972 3868.07 9.05[6] 0.3  6ds;2 6f7)2  5597.03 2.19[8] 1.7  4ds;,  8frp 67198 1.33[9] 2.9
5fss Tgra  AT38.95 3.94[8] 0.7  6dss  6fsp 559761 1.10[7] 1.9  ddss  Tfs, 69173 1.50[9] 1.6
5fz2  Tgese 473895 5.11[8] 0.6 Tdsjo  8fs2 652341 4.68[7] 1.8  4ds;e  Tfrp  695.20  2.16[9] 2.4
5fz2  Tgr2 473897 1.46[7] 0.6 Tds)o  8f7r2 6544.42 6.84[7) 14  4ds;,  Tfs,  695.21  1.06[8] 2.6
6prja  6dsp 510431 6.60[8] 0.8  Tdss 8fs 654513 3.43[6] 1.7 ddsp  6fs;, 73049 2.64[9] 1.2
6ps/2  6ds;,  5239.56 1.15[9] 0.7 5f72 6ge2  7256.57 8.65[8] 1.6  4ds;,  6fr0 73437 3.80[9] 1.7
6psja  6dsp  5265.04 1.27(8] 0.7  5fs;s 6grn 725658 6.68]8] 1.6  4dsn 6fsn 73438  1.88[8] 1.8
Tpij2  8dsse  5273.58 8.21[7] 0.5  5frs  6gre  7256.63 2.47[7] 1.6 4ds;,  5fs2 80520 5.14[9] 0.6
Tpsja  8dsn  5357.50 1.53(7] 0.5  6fro 8grs 760470 537(6] 1.3 dds;s  Tps;,  808.97  1.31[8] 1.9
Tprja  9s12 538244 240(7] 0.3 Bds  Afsp 799161 181[7] 0.6 Bpss  8ds, 99920 2.12[8] 1.5
6prja  Tsiz 538504 1.39[8] 0.4  B5ds;y  Afrp 799364 3.63[8] 0.5  dds,  6pio 100659 1.39[8] 2.4
Tpsj2  9s1/2  5469.89 4.67[7] 0.3  6ggs2  8fr;2 8647.29 9.41[6] 3.0  4ds;;  6pse  1007.87 2.81[8] 2.1
Gpsja  Tsiz  5564.36 2.76(8] 0.3  6grn  8fsn 864845 7.27[6] 3.2 Bpyn  Tds, 109526 4.31[8] 1.2
6s1)2 6p3o  7560.80 2.45[8] 0.4  5gg2  6fr2  9041.84 2.08[7] 4.1 5psj2  Tdzo  1095.87 4.61[7] 1.3
6s1)2  6p1y2  7918.89 1.07[8] 0.4  5gr2  6fs2  9043.34 1.61(7]) 4.3  5pse  6d3, 131610 1.22[8] 1.0
Bdsjy  Opsjp  8647.45 1.80[7) 0.5  Tdss Tfsp 965351 431[7] 3.0  4fs;s  8gre 204272 3.13[8] 1.0
5dss2  6pso  8798.62 1.56[8] 0.5 Tdsjo  Tfr2  9699.47 6.39[7] 24  6d3;e  8pijz  5525.02 3.40[6]) 2.0
Bdsjs  6pijp  9119.09 7.89[7] 0.5  Tds;s Tfsp 970116 321[6] 2.7  Tds,  Opije 949286 1.07(6] 2.4
Tpij2  Tdzo  9837.57 2.05[8] 0.7  5fs2  Tds;e 9935.59 4.37[6] 0.9

5fz2  Tds;o  9935.69 8.74[7] 0.7
5fs;p Tds,  9986.07 6.18[7] 0.9
are calculated using where the wavelength A is in A and the line strength

S = D? is in atomic units.
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TABLE IV: Weighted oscillator strengths gf in Y III calcu-
lated using our recommended values of reduced electric-dipole
matrix elements are compared with “HFR+4Pol” results [9]
and the WBEPM semi-empirical results [10]. Uncertainties
are given in parenthesis.

Transition Oscillator Strengths

Lower Upper Final RHF+Pol [9) WBEPM [10]
dds;o  4fs/2 1.553(6) 1.5389

ddsso  4Afs)2 0.1131(5) 0.1091

dds;2  4f7/2 2.266(11) 2.1834

ddz;s  6p1y2 0.0211(5) 0.0311

4ds,2  6p3/2 0.0428(9) 0.0560

5p1/2 Sdz)o 2.096(13) 2.2533 1.8186
5p3/2  5ds)o 3.835(23) 3.9390 3.3504
5p3j2  Sdsyo 0.428(2) 0.4358 0.3745
5p1j2 6512 0.391(3) 0.4390 0.3074
5p3j2 6512 0.832(5) 0.8478 0.6636
4ds/2  Sp3)2 0.871(7) 0.9322

4ds/2  Sp1j2 0.476(3) 0.5077

5812 9p3)2 1.390(8) 1.4761 1.5012
58172 9p1/2 0.664(4) 0.7056 0.7202
6s12  6p3)2 2.098(9) 2.1914

6s12  6p1/2 1.008(4) 1.0464

5dszse 4fs)2 2.466(13) 2.6970 2.5388
5dss2  4fs)2 0.174(1) 0.1897 0.1788
5ds;2  4fr/2 3.473(19) 3.7964 3.9642
5d3;s  6p3)2 0.201(10) 0.2196

states with n < 8 are listed in Table III. Vacuum wave-
lengths obtained from NIST energies are also listed for
reference. The transitions are ordered by the value of the
wavelength. The relative uncertainties of the transition
rates are twice of the corresponding matrix element un-
certainties. The uncertainties in per cent are listed in the
column labeled “Unc.”. The largest uncertainties (about
2%) are for the 4d; — nf; transitions, while the smallest
ones (about 0.3%) are for the 5p; — ns transitions as we
discussed in the previous section. The larger uncertain-
ties generally results from the larger relative size of the
correlation corrections.

The 141 allowed electric-dipole transitions between ns,
npj, nd;, nf;, and ng; states displayed in Table IIT are
compared with gA, values presented in Table 6 of Ref. [9].

Those theoretical transition probabilities in Y III were
obtained using a multiconfiguration relativistic Hartree-
Fock method including core polarization. We did not re-
peat gA,[9] values from Table 6 of Ref. [9], however, we
presented our gAfina! values accordingly the level of the
disagreement with results from [9]. In the left column
of Table III, we displayed gAfinal values for 47 transi-
tions. The correlation corrections for these transitions
contribute less than 10%. As a result, the difference be-
tween our gAfnal values and the gA, values from [9] is
also less than 10%. In the second column of Table III, we
present 49 transitions. We find substantially larger dis-

agreement (11%-40%) between gAfinal and gA,.[9]. How-
ever, the gA, values from [9] are in the good agreement
with gAPY values. To make this determination, we used
the reduced matrix elements obtained in the DF ap-
proach given in Table II to calculated g APY values using
DF values for matrix elements and NIST energies. We
find small (less than 10%) differences for the 49 transi-
tions displayed in the second column of Table ITI between
the gA.[9] and gAPY values. Therefore, these differences
is attributed to omitted higher-order correlation correc-
tions in [9]. The best agreement (less than 10%) be-
tween gAfinal and gA,.[9] is found for the 25 transitions
displayed in the top of third column of Table III, while
the contribution of correlation effects (the gAfinal and
gADP¥ difference) are 11% - 40%. The gA,[9] values are
in disagreements with gAfi"al and gAPY values for the
20 transitions displayed in the bottom of third column
of Table III. The correlation corrections are particulary
large for these cases, leading to large uncertainties shown
in column “Unc.” of Table III.

In Table IV, we present weighted oscillator strengths
gf for transitions in Y III calculated using our recom-
mended values of reduced electric-dipole matrix elements
fhinal and their uncertainties which are given in parenthe-
sis. We compare our results with the theoretical oscilla-
tor strengths obtained using a multiconfiguration rela-
tivistic Hartree-Fock method including core polarization
9] (“RHF+Pol.” column) and WBEPM method [10].
The WBEPM is a non-relativistic semi-empirical method
that uses parameters obtained by fitting of the experi-
mental energy data. Only few oscillator strengths val-
ues are listed in [10]. We find large discrepancies (about
15%-40%) between WBEPM results and all other results
given in Table IV for the 5p — 5d and 5p — 6s transi-
tions, while the “Final”’and "RHF+Pol.” agreement is
good (1%-7%) for these transitions. Oscillator strengths
for the 5s — 5p and 5d — 4 f transitions agree which each
other to 2%-12%.

C. Lifetimes in Rb-like Y III

We calculated lifetimes of the ns (n = 6 — 9), np;
(n=5-9),nd; (n=5-8), nf; (n =4-28), and
ng; (n =5 — 8) states in Y III using out final values of
the transition rates listed in Table III. The lifetimes of
the metastable 4ds5,, and 5s states are discussed in the
next section. The uncertainties in the lifetime values are
obtained from the uncertainties in the transition rates
listed in Table III. We also included the lowest-order
DF lifetimes 7P°F to illustrate the size of the correlation
effects. The recommended NIST energies [8] are given in
column ‘Energy’ for reference. Our final results are given
in columns 71"#! Table V.

The present values are compared with theoretical re-
sults obtained by Biémont et al. [9] using the multi-
configuration relativistic Hartree-Fock method including
core polarization (see column 7P in Table V). We



TABLE V: Lifetimes (752! in nsec) of nl; states in Rb-like
Y III. Uncertainties are given in parenthesis. Recommended
NIST energies [8] are given in cm™'. The values of lifetimes
evaluated in the DF approximation are given in column 7°F to
illustrate the importance of the correlation corrections. The-
oretical values from Ref. [9] and experimental measurements
from Refs. [9, 11] are listed in the two last columns.

Level Energy [8] 7DF iinal theory [9] Texpt
Bpr. 4140146 1449 1.898(9) 1.78 Lo(D)[9]
Bpsjp 42954.87  1.324 1.723(8) 1.61 1.8(2)[9]
6512 8671759  1.224 1.253(6) 1.19 1.23(8)[11]
5ds, 88379.61  0.962 1.089(6)  1.02 0.93(7)[11]
5ds;, 8857829  1.000 1.127(7) 1.10 1.06(8)[11]
6p1/2  99345.62 4.488 5.565(55) 4.80

6ps/2  99943.71 4.136 5.229(42) 4.51

4f5/2 101088.23 0.387 0.517(2) 0.53

Af.5 10109142 0.387 0.514(3) 0.52

781/2 11791523 1.862 1.856(3) 1.79

6d3/2 118936.91 1.985 2.361(11) 2.22

6d5/2 119029.30 2.072 2.469(13) 2.33

Tp1/2 124041.76  9.229 11.05(11) 9.50

5fs» 12419292 0.638 0.940(4) 0.8

5f7/2 124193.02 0.640 0.934(7) 0.89

Tp3s2 124338.78  8.680 10.75(9) 9.15

5g7/2 125836.22  2.300 2.684(20) 1.37

5g9/2 125836.15  2.303 2.686(19) 2.37

8s1/2  133599.09  2.947 2.906(4) 2.82

7d3/2 134206.87 3.555 4.362(18) 4.07

7d5/2 134257.75 3.740 4.586(22) 4.23

6f5/2 136894.08 1.023 1.621(14) 1.42

6fro 136895.91 1.026 1.606(21) 1.44

8p12 137036.4 16.18 18.90(20) 16.32

8ps/2  137205.5 15.47 18.91(19) 15.94

6g7/2 137973.52 3.933 4.449(27) 4.10

6992 137973.63 3.934 4.450(27) 4.10

9s1/0  142620.7 4.502 4.417(5) 4.30

8d3/2 143004.2 5.782 7.224(31) 6.70

8d5/2 143035.4 6.082 7.597(40) 6.91

Tfs/2 144565.80 1.560 2.607(28) 2.19

7f7/2 144567.59 1.566 2.577(43) 2.22

Op1jn 1447411 2576 29.72(36) 25.75

Op3/e 144847.3 24.94 29.85(16) 25.36

Tgr/2  145294.65 6.204 6.827(39) 6.49

Tggs2 145294.73  6.211 6.831(40) 6.49

8f5/2 149536.28 2.280 3.937(46) 3.17

8f7/2 149537.94 2.286 3.905(73) 3.20

8g7/2 150045.68 9.211 9.962(57) 9.66

8gg/2  150045.78  9.217 9.957(54) 9.66

find good agreement (2%-8%) between 722! and lifetimes

from [9] for the ns (n =6—9), 5p;, nd; (n =5—18), nf;
(n =4-15), and ng; n = 6 — 8) states. Lifetimes of the
6p, 7p, 8p, and 9p states presented by Biémont et al. [9]
disagree substantially (13%-15%) with our results, how-
ever they are in very good agreement (0% -9%) with the
7PF This may indicate that some dominant correlation
corrections were missing in [9] for these states. We no-
ticed the misprint for the lifetime of the 5g7 /5 level in [9]
(it should be 2.37 instead of 1.37).

There are only few experimental measurements for life-
times of Rb-like Y III presented recently by Biémont et
al. [9] and by Maniak et al. [11]. Our 72! values are
in the perfect agreement with these measurements when
uncertainties are taken into account.

IV. ELECTRIC-QUADRUPOLE AND
MAGNETIC-DIPOLE MATRIX ELEMENTS

The M1 4d3/2 — 4d5/2, 4d3/2 — 5s and E2 4d3/2 —
4ds /9, 4d; — 5s matrix elements are evaluated using the
same approach as for the E1 matrix elements. In Ta-
ble VI, we list results for the magnetic-dipole (M1) and
electric-quadrupole (E2) matrix elements calculated in
different approximations: lowest-order DF, second-order
RMBPT, third-order RMBPT, and all-order method
with and without the triple excitations. The scaled all-
order values are indicated by the label “sc”. Final rec-
ommended values and their uncertainties are given in
the Zfmal column. The last column gives relative un-
certainties of the final values in %. The final value of
the M1 4d3/o — 4d5/5 matrix element is the same as the
lowest order DF result. The M1 matrix element for the
4dg3 /9 —4ds /5 transition changes substantially with the in-
clusion of the correlations. The value of the M1 4d3,,—5s
matrix element is not zero due to relativistic effects; it
is smaller than the value of the M1 4d3/5 — 4d5 /o matrix
element by five orders of magnitude. Our procedure for
estimating the uncertainty described in Ref. [32] can not
be applied to this matrix element since different correla-
tion corrections dominate for this transition. However,
the contribution of this transition to the 5s lifetime is
negligible. For all three E2 transitions considered here, a
single correlation correction term that can be improved
by the scaling strongly dominates. Therefore, we can use
uncertainty estimate procedure described in [32]. The
present values are compared with CCSDpT calculations
of Ref. [12]. Our values for the electric-quadrupole matrix
elements are in agreement with the results of Ref. [12].

We combine recommended NIST energies [8] and our
final values of the matrix elements listed in Table VI to
calculate transition rates A given by

2.69735 x 1013

AMY) = =57 Ty

S(M1), (2)

1.11995 x 1018

AR =T w

S(E2), (3)

where the wavelength A is in A and the line strength
S = Z? is in atomic units. Transition rates A (in s71)
for the M1 4dsz/o — 4ds/o and 4dz/; — 551/2 transitions
and the E2 4d3/2 — 4d5/2, 4d3/2 — 581/2 and 4d5/2 — 581/2
transitions in Y IIT are summarized in Table VII. Final
lifetimes of the 4ds,5 and 5s levels are also given (in s).
Uncertainties are given in parenthesis.



TABLE VI: E2 and M1 reduced matrix elements in Rb-like Y III in atomic units calculated in different approximations.
Absolute values are given. The lowest-order DF, second-order, third-order MBPT, and all-order SD and SDpT values are
listed; the label “s¢” indicates the scaled values. Final recommended values and their uncertainties are given in the Zf"a!
column. The last column gives relative uncertainties of the final values in %.

Transition ZPF Z(PF+2)  Z(DF+2+43) Z5P ZED) Z8PpT Z8PpT Zfinal Unc. (%)
Magnetic-dipole transitions
4dzso  4ds)o 1.5490 1.5490 1.5373 1.5491 1.5491 1.5491 1.5491  1.5491(0) 0
4dsss  5s12  6.147[-6]  3.327[-5] 7.925[-3]  3.964[-5]  3.948[-5]  3.940[-5]  3.956[-5] 3.95[-5]
Electric-quadrupole transitions

ddzsp  4ds)o 3.5310 3.4205 3.0522 3.1059 3.1145 3.1234 3.1075 3.114(9) 0.29
4ds;o 58172 6.6882 6.0368 5.9282 6.0537 6.0761 6.0948 6.0637 6.08(2) 0.31
4ds/2 5812 8.2696 7.5032 7.3464 7.4978 7.5231 7.5477 7.5078 7.52(2) 0.33

TABLE VII: M1 and E2 transition rates A (in s™') and 5s
and 4ds /; lifetimes 7 (in s) in Rb-like Y III. Uncertainties are
given in parenthesis. Our values are compared with theoreti-

TABLE VIII: Contributions to multipole polarizabilities of
the 5s state of Rb-like Y III in a. Uncertainties are given in
parenthesis.

cal results from Ref. [12]

Transition Present Ref. [12]
A(E2) Ids,,  Ads, 361218 3.7011[9]
A(MI) Adsy  Ads,  4.0963[-3]  4.0667[-3]
Lifetime (in s) 4ds 7 244.1 245.89
A(M1) Ads,  Bsi  8.75(4)-8]  6.2522[-7)
A(E2) Adss  Bsiy  A80(3)[2]  4.8952[-2]
A(E2) Adsy sy 442(3)[2]  4.5090[-2]
Lifetime (in s) 551/2 10.85(7) 10.63

Our transition rate and lifetime values are compared
with CCSDpT results presented by Sahoo et al. [12].
The only substantial difference between our final result
and the CCSDpT result is for the M1 4dz/5 — 551 /5 tran-
sition rate. For this transition, correlation correction is
actually larger than the DF value. Therefore, this value
is extremely sensitive to the treatment of the correlation
correction which differs between our approach and that of
Ref. [12], as large differences of the results are expected.
The contribution of the M1 4d3,; — 551/, transition to
the 5s lifetime is negligible and this difference does not
not affect the lifetime value. Our values of the 5s and
4ds 9 lifetimes are in agreement with Ref. [12] results.

V. STATIC MULTIPOLE POLARIZABILITIES
OF THE 5s STATE

The static multipole polarizability a®* of Rb-like Y III
in its 5s state can be separated into two terms; a domi-
nant first term from intermediate valence-excited states,
and a smaller second term from intermediate core-excited
states. The core term is smaller than the former one
by several orders of magnitude and is evaluated here in
the random-phase approximation [33]. The dominant va-
lence contribution is calculated using the sum-over-state

Contr. of?t
5p1/2 13.90(8)
5pa)a 26.59(15)
(6 — 26)p; 0.15(0)
Tail 0.00
Term-vc -0.17
Core 4.05
Total 44.5(2)

Contr. aoF?
Ads) 217.0(1.3)
5ds s 62.3(1)
(6 — 26)ds 5 4.1(0)
dds s -368.4(2.4)
5ds 92.3(1)
(6 —26)ds,2 6.3(0)
Tail -0.01
Core 9.5
Total 430(3)

Contr. a3
7 T304(5)
5 fay 9(1)
(6 —26)f5/2 32(0)
Af/ 1739(10)
5f7/2 12(1)
(6 26) 22 12(0)
Tail 2
Core 50
Total 3191(13)
approach

O(Ek _ 1 Z |<nlj||rkaq||5s)|2 (4)
v 2k +1 — By — Ess ’

where Cpq(7) is a normalized spherical harmonic and
where nl; is np;, nd;, and nf; for k =1, 2, and 3, respec-
tively [34]. The reduced matrix elements in the dominant
contributions to the above sum are evaluated using out
final values of the matrix elements and NIST energies



TABLE IX: Contributions to the 4d; scalar and tensor polarizabilities of Rb-like Y TIT in aj.

(7 — 26) f;. Uncertainties are given in parenthesis.

np; = (7 —26)p; and nf; =

Contr. o Contr. (e % Contr. o Contr. (e %
4d3/2 4d3/2 4d5/2 4d5/2

5p1/2 3.343(24) 5p1/2 -3.343(24) 5p3/2 3.920(31) 5p3/2 -3.920(31)
6p1/2 0.026(1) 6p1/2 -0.026(1) 6ps3/2 0.035(1) 6ps3/2 -0.035(1)
npy /2 0.062(0) np1/2 -0.062(0) nps/2 0.056(0) nps/2 -0.056(0)
5ps/2 0.626(5) 5p3/2 0.505(4) Afs/0 0.090(0) Afs5/0 0.103(0)
6p3/2 0.006(0) 6ps3/2 0.005(0) 5fs/2 0.019(0) 5fs/2 0.022(0)
np3/2 0.011(0) nps /o 0.010(0) 652 0.007(0) 6f5/2 0.008(0)
nfs/2 0.015(0) nfs/2 0.018(0)

Afs/0 1.830(7) Afs/0 -0.366(1) 4f7/0 1.806(9) 4f7/0 -0.645(3)
5fs/2 0.390(2) 5fs/2 -0.078(0) 5f7/2 0.382(3) 5f7/2 -0.136(1)
6fs5/2 0.136(2) 6fs5/2 -0.027(0) 6f7/2 0.133(2) 6f7/2 -0.047(1)
nfs/2 0.306(0) nfs/2 -0.061(0) nfr/2 0.346(0) nfr/2 -0.124(0)
Main 6.734(26) Main -3.448(24) Main 6.809(32) Main -4.813(31)
Core 4.048 Core 0 Core 4.048 Core 0
Qye -0.313 Qye 0 Qye -0.341 Qye 0
Tail 0.008 Tail -0.002 Tail 0.006 Tail -0.002
Total 10.48(3) Total -3.45(2) Total 10.52(3) Total -4.81(3)

[8]. The uncertainties in the polarizability contributions
are obtained from the uncertainties in the correspond-
ing matrix elements. The final values for the quadrupole
and octupole matrix elements and their uncertainties are
determined using the same procedure as for the dipole
matrix elements.

Contributions to dipole, quadrupole, and octupole po-
larizabilities of the 5s ground state are presented in Ta-
ble VIII. The first two terms in the sum-over-states for
af1l, and o? contribute 99.6% and 96.95%, respectively,
of the totals. The remaining 3.1% of a®® contribution
comes from the (5-26)nf; states. In the case of a2, the
contribution of the 4d; and 5d; states slightly cancel each
other. The remaining 2 5% of a? contributions are from
the (6-26)nd; states. We use recommended energies from
[8] and our final matrix elements to evaluate terms in the
sum with n < 13, and we use theoretical SD energies and
matrix elements to evaluate terms with 13 < n < 26.
The remaining contributions to a”* from orbitals with
27 < n < 70 are evaluated in the RPA approximation
since the contributions from these terms are smaller than
0.01% in all cases. These terms are grouped together as
“Tail”. We evaluate core contributions in the random-
phase approximation [33] for E1, E2, and E3. Our result
for core E1 polarizability is the same as in [33]. The core
polarizabilities are small in comparison with the valence
ones and their uncertainties are negligible. We note that
Qe terms are zero for the E2 and E3 polarizabilities since
Rb-like Y III core contains no nd or nf states.

VI. SCALAR AND TENSOR EXCITED STATE
POLARIZABILITIES

The valence scalar «(v) and tensor ay polarizabilities
of an excited state v of Rb-like Y III are given by

K IITOlllnlﬁl
23U+1 Z (5)

nl_] ’U

ap(v) =

o = (1) 405, (24, — 1)
2 3(jo + 1)(2ju + 1)(2ju + 3)

i { g 1g L [ellrCallndg)?
anl.;( 1){1 jUQ} Enlj_Ev .

(6)

The excited state polarizability calculations are carried
out in the same way as the calculations of the multipole
polarizabilities discussed in the previous section. We list
the contributions to the 4d; scalar and tensor polarizabil-
ities of Rb-like Y III in Table IX. The dominant contribu-
tions are listed separately. The first three terms (5p /o,
5p3/2, and 4fs5/5) in the sum-over-states for ag(4ds/s)
and ap(4dsz/) contribute 86% and 93%, respectively, of
the totals. The other four (6p; /2, 6ps/2, 5f5/2 and 6f5/2)
terms displayed in Table IX for ag(4ds/2) and oo (4ds/2)
contribute 8.3% and 3.7%, respectively, of the totals. The
remaining contributions are grouped together. For exam-
ple, “np; /2" contribution includes all of the np; /o terms
excluding only the terms that were already listed sepa-
rately. These remaining contributions (npi /2, nps 2, and
nfs/o with n = 7-26) are equal to 5.6% and 3.3%, re-
spectively, of the totals. We evaluate contribution from



ionic core gore in the RPA and find acore = 4.05 ag. The
“Tail” contribution (n = 27-65) is very small (less than
0.1%). The largest contribution of the a,. term is for the
4d states [ae(4ds/2) = -0.31 af].

VII. CONCLUSION

In summary, we carried out a systematic high-precision
relativistic study of Rb-like Y III atomic properties for
the ns, np;, nd;, nf;, and ng; (n <8) states using an
all-order approach and evaluated uncertainties of our rec-
ommended values. The theoretical energy values are in
excellent agreement with existing experimental data. Re-
duced matrix elements, oscillator strengths, transition
rates, and lifetimes for the first low-lying levels up to n
=8 are calculated. Electric-dipole (5s —np;, n =5 — 26),
electric- quadrupole (55 —nd;, n =4 — 26), and electric-
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octupole (5s — nf;, n = 4 — 26) matrix elements are
calculated to obtain the ground state E1, E2, and E3
static polarizabilities. Scalar and tensor polarizabilities
of the 4dsz/, and 4ds/, states of Rb-like Y III are evalu-
ated. Particular care was taken to accurately treat con-
tributions from highly-excited states. The uncertainties
are evaluated for most of the values listed in this work.
This work provides recommended values for a number of
atomic properties via a systematic high-precision study
for use in planning and analysis of various experiments
as well as theoretical modeling.

Acknowledgements

The work of M.S.S was supported in part by the NSF
Grant No. PHY-1068699.

[1] M. S. Safronova, D. Jiang, and U. I. Safronova, Phys.
Rev. A 82, 022510 (2010).

[2] M. S. Safronova and U. I. Safronova, Phys. Rev. A 83,
052508 (2011).

[3] U. L. Safronova, Phys. Rev. A 82, 022504 (2010).

[4] B. Butscher, J. Nipper, J. B. Balewski, L. Kukota,
V. Bendkowsky, R. Low, and T. Pfau, Nature Physics
6, 970 (2011).

[5] X. L. Zhang, L. Isenhower, A. T. Gill, T. G. Walker, and
M. Saffman, Phys. Rev. A 82, 030306 (2010).

[6] Y. O. Dudin, A. G. Radnaev, R. Zhao, J. Z. Blumoff,
T. A. B. Kennedy, and A. Kuzmich, Phys. Rev. Lett.
105, 260502 (2010).

[7] S. Tassy, N. Nemitz, F. Baumer, C. Hohl, A. Batéar, and
A. Gérlitz, J. Phys. B 43, 205309 (2010).

[8] Yu. Ralchenko, F.-C. Jou, D.E. Kelleher, A.E. Kramida,
A. Musgrove, J. Reader, W.L. Wiese, and K. Olsen
(2005). NIST Atomic Spectra Database (version 3.0.2),
[Online]. Available: http://physics.nist.gov/asd3 [2006,
January 4]. National Institute of Standards and Technol-
ogy, Gaithersburg, MD.

[9] E. Biémont, K. Blagoev, L. Engstrom, H. Hartman,
H. Lundberg, G. Malcheva, H. Nilsson, R. B. Whitehead,
P. Palmeri, and P. Quinet, Mon. Not. R. Astron. Soc.
414, 3350 (2011).

[10] T. Zhang and N. Zheng, Chin. J. Chem. Phys. 22, 246
(2009).

[11] S. T. Maniak, L. J. Curtis, C. E. Theodosiou, R. Hell-
borg, S. G. Johansson, I. Martinson, R. E. Irving, and
D. J. Beideck, Astron. Astrophys. 286, 978 (1994).

[12] B. K. Sahoo, H. S. Nataraj, B. P. Das, R. K. Chaudhuri,
and D. Mukherjee, J. Phys. B 41, 055702 (2008).

[13] V. A. Zilitis, Opt. Spectrosc. 107, 54 (2009).

[14] M. D. Kunisz, T. Lubowiecka, A. Muryn, E. Niziol, and
M. Szynarowska, Acta Phys. Pol. 33, 665 (1968).

[15] A. Lindgard and S. E. Nielsen, At. Data Nucl. Data Ta-
bles 19, 533 (1977).

[16] J. Migdalek and W. E. Baylis, J. Quant. Spectrosc. Ra-
diat. Transfer 22, 127 (1979).

[17] K. D. Sen and A. Puri, Phys. Lett. A 137, 128 (1989).

[18] A. Redfors, Astron. Astrophys. 249, 589 (1991).

[19] T. Brage, G. M. Wahlgren, S. G. Johansson, D. S. Leck-
rone, and C. R. Proffitt, Astrophys. J. 496, 1051 (1998).

[20] D. C. Morton, Astrophys. J., Suppl. Ser. 130, 403 (2000).

[21] V. A. Zilitis, Opt. Spektrosk. 103, 931 (2007).

[22] D. R. Bates and A. Damgaard, Philos. Trans. R. Soc.
Lond. A 242, 101 (1949).

[23] W. R. Johnson, S. A. Blundell, and J. Sapirstein, Phys.
Rev. A 37, 307 (1988).

[24] L. W. Fullerton and G. A. Rinker, Jr., Phys. Rev. A 13,

1283 (1976).

P. J. Mohr, Ann. Phys. (N.Y.) 88, 26 (1974).

J. Mohr, Ann. Phys. (N.Y.) 88, 52 (1974).

J. Mohr, Phys. Rev. Lett. 34, 1050 (1975).

E. Moore, Atomic Energy Levels - v. I1I, NSRDS-NBS

35 (U. S. Government Printing Office, Washington DC,
1971).

[29] M. S. Safronova, W. R. Johnson, and U. I. Safronova,
Phys. Rev. A 53, 4036 (1996).

[30] M. S. Safronova, W. R. Johnson, and U. I. Safronova, J.
Phys. B 30, 2375 (1997).

[31] W. R. Johnon, Z. W. Liu, and J. Sapirstein, At. Data
and Nucl. Data Tables 64, 279 (1996).

[32] M. S. Safronova and U. I. Safronova, Phys. Rev. A 85,
022504 (2012).

[33] W. R. Johnson, D. Kolb, and K.-N. Huang, At. Data
Nucl. Data Tables 28, 333 (1983).

[34] W. R. Johnson, D. R. Plante, and J. Sapirstein, Adv.
Atom. Mol. Opt. Phys. 35, 255 (1995).

P.
P.
C.



